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Abstract  

Rapid sintering techniques, such as Spark Plasma Sintering (SPS), Flash Sintering (FS), 

Selective Laser Sintering (SLS), Induction Sintering (IS), and Microwave Sintering (MS), 

are designed to effectively and predictably control ceramic microstructure during the 

sintering process. Spark Plasma Sintering as one of the most novel rapid sintering technique 

has been studied for decades. There are three main features in SPS: direct Joule heating, 

pulsed direct current, and mechanical pressure. However, the mechanisms of these features 

are not clearly and fully addressed.  

This thesis was inspired by the increasing attention towards rapid sintering techniques and 

open scientific questions. The present study has four parts, investigation of ‘Field effect’, 

pulse pattern effect, pressure effect, and direct Joule heating. 

The results showed the negligible impact of the electromagnetic field during SPS according 

to the simulation as well as no ‘field effect’ was found during the experiments. While the 

effect of pulse pattern was significant, the TiO2 powder was sintered by pulse patterns 12:2 

and 10:9 with the constant power input. Titania grain size increased one order of magnitude 

and 8% in density after application of the pulse pattern 10:9, while the amount of consumed 

energy remained constant. The variation of the effective power and contact resistance 

induced by the mechanical pulse are two main reasons accounting for the varying energy 

efficiency heating with different pulse patterns. The pressure timing effect also significantly 

influenced the SPS. The results showed that applying the pressure at 900 ℃ brought high 

density and small grain size of the sintered alumina nanopowder, leading to the best Vickers 

hardness. The interaction between pressure and vapor, leading to the different vapor transfer 

rate of the first sintering stage, was considered as a reason for the differences in 

microstructure (micropores, grain size, etc.). The timing of the mechanical pressure can also 

promote the densifying diffusion mechanisms during the second sintering stage, such as 

grain boundary diffusion and lattice diffusion. The direct Joule heating of the electrically 

conductive samples by direct electrical current passing through the sample leads to high 

internal and low measured temperature when sintering boron carbide (B4C) and its 

composites. Adding titanium alloy and silicon in B4C significantly increased the 

densification, which was the main reason for the change of mechanical properties. The 

sample doped by 1 vol. % of Ti alloy (B4C+1.0Ti) reached the hardness 3628.5 ± 452.6 
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HV1 (16.2% higher than pure boron carbide) with a fracture toughness 2.11 ± 0.25 

MPa∙m0.5. The sample doped by 0.5 vol. % of Si (B4C+0.5Si) achieved the hardness 3524.6 

± 207.8 HV1 (13.0% higher than pure boron carbide), the sample B4C+1.0Si achieved the 

highest fracture toughness 2.97 ± 0.03 MPa∙m0.5 (15.6% higher than pure boron carbide). 

The grains of titanium doped composites became a bit larger and inhomogeneous compared 

with the pure boron carbide. In contrast, the grain size of silicon doped samples did not 

change compared with that of pure boron carbide. The secondary phase silicon carbide was 

well connected with the boron carbide matrix and showed a great strengthen effect on both 

the hardness and fracture toughness. 

This work examined various controversial and uncertain features of the Spark Plasma 

Sintering technique and their effect on ceramic materials, leading to a better understanding 

of this novel sintering technique. 

Keywords 

Rapid sintering, Spark Plasma Sintering, field-effect, pulse pattern, mechanical pressure, 

Joule heating, alumina, boron carbide. 

 

 

 

 

 

 

 

 

 

 



III 

 

Abstrakt 

Techniky rychlého slinování jako „Spark Plasma Sintering (SPS)“, „Flash Sintering“ (FS), 

„Selective Laser Sintering“ (SLS), „Induction Sintering“ (IS) a „Microwave Sintering“ 

(MS) jsou navrženy tak, aby účinně a předvídatelně kontrolovaly mikrostrukturu během 

slinovací proces. Spark Plasma Sintering jako jedna z nejmodernějších technik rychlého 

slinování a byla studována po celá desetiletí. V SPS má tři hlavní rysy: přímý ohřev 

elektrickým proudem, pulzní stejnosměrný elektrický proud a mechanický tlak. 

Mechanismy působení faktorů během SPS procesu však nejsou zatím jasně objasněny. 

Tato práce byla inspirována zvýšeným zájmem o techniky rychlého slinování a snahou o 

objasnění působení hlavních faktorů. Tato studie je rozdělena do čtyř částí: efekt 

elektromagnetického pole, efekt pulzního vzoru, tlakový efekt a přímý Joulův ohřev. 

Výsledky ukázaly, že elektromagnetické pole v SPS může být ignorováno, jak ukázaly 

simulace, a rovněž během experimentů nebyl nalezen žádný „efekt pole“. Na druhou stranu 

účinek pulzního vzoru byl významný, prášek TiO2 byl slinován pulzními vzory 12:2 a 10:9 

s konstantním příkonem. Po aplikaci pulzního vzoru 10:9 došlo ke zvýšení velikosti zrna o 

jeden řád a ke zvýšení hustoty o 8%, zatímco množství spotřebované energie zůstalo 

konstantní. Při zahřátí s různými vzory pulzů se mění účinný výkon a kontaktní odpor 

indukovaný mechanickým pulsem, což jsou dva hlavní důvody, které vysvětlují měnící se 

energetickou účinnost. Vliv tlaku byl také významný, výsledky ukázaly, že použití tlaku při 

900 ° C přineslo vysokou hustotu a malou velikost zrn, což vedlo k nejvyšší tvrdosti 

měřenou podle Vickerse. Interakce mezi tlakem a parami, vedoucí k rozdílné rychlosti 

přenosu páry v prvním slinovacím stupni, je považována za důvod pro rozdíly v 

mikrostruktuře, jako jsou mikropóry. Načasování mechanického tlaku může také 

podporovat difúzní mechanismy zhutňování během druhého slinovacího stupně, jako je 

difúze na hranicích zrn a mřížková difúze. Přímý ohřev, kdy se vede elektrický proud přímo 

skrz vzorek, vede k nízké měřené teplotě při slinování karbidu boru a jeho kompozitů, avšak 

teplota uvnitř vzorku je podstatně vyšší. Přidání slitiny titanu a křemíku do B4C významně 

zvýšilo finální hustotu, což byl hlavní důvod ovlivnění mechanických vlastností. Vzorek 

B4C + 1.0Ti (1 obj. % Ti slitiny) dosáhl nejvyšší tvrdosti 3628.5 ± 452.6 HV1 (16.2% vyšší 

než čistý B4C) s lomovou houževnatostí 2.11 ± 0.25 MPa ∙ m0.5. Zatímco při dopování 

křemíkem dosáhl vzorek B4C + 0.5Si (0.5 obj. % křemíku) nejvyšší tvrdosti 3524.6 ± 207.8 



IV 

 

HV1 (o 13.0% vyšší než čistý B4C), vzorek B4C + 1.0Si dosáhl nejvyšší lomové 

houževnatosti 2.97 ± 0.03 MPa ∙ m0.5 (o 15.6% vyšší než čistý B4C). Velikost zrn kompozitů 

dotovaných titanem se oproti čistému karbidu boru byla o něco větší a mikrostruktura více 

nehomogenní. Naproti tomu se velikost zrn vzorků dotovaných křemíkem příliš nezměnila 

ve srovnání s velikostí zrn čistého karbidu boru. Sekundární fáze karbid křemíku byla dobře 

spojena s matricí karbidu boru a vykazovala pozitivní účinek jak na tvrdost, tak na lomovou 

houževnatost. 

Tato práce zkoumala vliv různých kontroverzních a nepopsaných aspektů na slinování 

keramických materiálů metodou Spark Plasma Sintering, což vedlo k lepšímu pochopení 

této techniky slinování. 

Klíčová slova 

Rychlé slinování, Spark Plasma Sintering, efekt elektromagnetického pole, pulsní 

elektrický proud, mechanický tlak, Joulův ohřev, oxid hlinitý, karbid boru. 
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1. Introduction 

The presented Ph.D. topic ‘Extremely fast sintering of advanced ceramic materials’ is mostly 

connected with the advanced sintering technique – Spark Plasma Sintering (SPS), it is also 

called Field Assisted Sintering Technique (FAST) and Pulsed Electric Current Sintering 

(PECS). It is considered as one of the novel sintering techniques due to several unique features, 

such as fast heating and cooling rates, mechanical pressure and possible direct Joule heating of 

the samples. The study on the effects of these features has been conducted over decades by 

researchers all over the world [1-4]. During the last decades Spark Plasma Sintering became 

increasingly popular, the number of publications about SPS increased from 286 in 2000, to 

4120 in 2015. The reported remarkable properties are reflected in low sintering temperature and 

materials with high density and excellent general properties  

Research of the SPS technique has three main studying points: the heating rate, mechanical 

pressure, and direct Joule heating. The realization of mechanical pressure is related to the 

mechanical design which is independent of the heating system, while heating rate and direct 

Joule heating are both affected by its heating source – pulsed direct current (pulsed DC). 

Therefore, the presence of the electromagnetic field is expected. This is also the reason why 

SPS is called Field Assisted Sintering Technique (FAST) and Pulsed Electric Current Sintering 

(PECS). Hence, to make clear the complicated effects of SPS is to study the impact of DC 

pulsed current and mechanical pressure, respectively. The topic Pulsed DC is often related to 

the so-called ‘field effect’, which has been reported by analysis of electric current density and 

temperature using simulation and experimental analysis [5-7]. Furthermore, the study on pulse 

pattern (on/off setting) also attracts a lot of attention to researchers in this field [8-12]. However, 

so far the influence of pulse pattern has not been clearly described. In the study of mechanical 

pressure, researchers reported that the pressure during the SPS process improved densification 

[13-16]. In addition, in the initial stage of sintering, the pressure influenced particle 

rearrangement and the destruction of agglomerates in powders, the latter playing an important 

role in the consolidation of nanopowders [17, 18]. Besides that, the issue of timing to apply 

mechanical pressure has not been studied, which is crucial to SPS sintering and determines 

microstructure and mechanical performance. At last, after we figured out the mechanisms 

during the SPS process, advanced ceramic materials can be fabricated with the concern of the 

effects to tailor the microstructure and mechanical properties. 
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In the presented doctoral thesis, the ‘field effect’ was investigated by both auto and manual 

mode SPS of variable metal doped alumina powders. The impact of pulse pattern was 

investigated by the manual mode SPS of a specially designed sintering system. The impact of 

applied pressure timing was investigated by the auto mode SPS of nano-alumina powder. The 

impact of direct Joule heating was studied with the advanced ceramic materials – electrically 

conductive boron carbide composites. The aim is to gain a better knowledge of the SPS process 

to tailor the microstructure and mechanical properties of advanced ceramic materials. 
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2. Literature review 

Sintering, as a process to consolidate powders, is an ancient art that has been practiced for more 

than 6000 years [19]. The ability to achieve consolidation without melting is made possible by 

the thermal activation of mass transport processes driven by the reduction of surface and grain 

boundary energies. To optimize thermal activation and attain high density with concomitant 

strength, sintering is carried out at high temperatures, relative to the melting point of the 

material. For practical as well as economic reasons, significant efforts have been, and continue 

to be directed, toward other means of activation to achieve high density at lower temperatures 

or in shorter times. The idea to heat ceramics very rapidly is old, but it was a long time believed 

that it is impossible due to low thermal conductivity and thermo-shock resistance of these 

materials. Development of novel sintering techniques, such as Spark Plasma Sintering, 

demonstrated that under certain conditions ceramic materials can be sintered very fast (within 

minutes) [20].  

The common rapid sintering techniques suitable for sintering of advanced ceramic materials by 

rapid heating are 

          • Spark Plasma Sintering (SPS)/ Field-assisted Sintering Technique (FAST), 

          • Flash Sintering (FS),  

          • Selective Laser Sintering (SLS),  

          • Induction Heating (IH), 

          • Microwave heating, 

          • Rapid heating with conventional heating elements 

Each of the techniques has been studied by researchers extensively, and this review of the 

interesting results and novel methods have been reported and analyzed in the past 20 years, the 

main emphasis is on Spark Plasma Sintering (SPS). 
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Figure 2-1. Schematic of Spark plasma sintering apparatus [3] 

The Spark Plasma Sintering (SPS) technique requires mechanical pressure, specific sintering 

dies, and the application of high pulsing DC current, which are shown in Fig. 2-1. A common 

advantage of SPS is the shorter time and lower temperature needed to consolidate powders 

relative to conventional methods, including hot pressing. Besides that, homogeneous and crack-

free microstructures are obtained after spark plasma sintering [21] even when the thermal 

gradient is extremely high. These advantages encouraged researchers to devote to the study of 

SPS mechanisms. In the study of pulsed DC current, an important role of pulsed DC is to create 

plasma to clean surface which is proved by many researchers [22, 23]. Mamoru Omori noticed 

the electric discharge pattern on the surface of CeSiNO2, shown in Fig. 2-2, and attributed this 

phenomenon to that as the site of plasma generation is limited, the plasma is concentrated only 

on the melted area. The plasma increases the melt and leaves some patterns on the surface. 

However, the existence of plasma must be evaluated with other considerations, e. g., applied 

pressure and the stage of sintering, concluded by Z. A. MUNIR [2].  
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Figure 2-2. Electric discharge pattern on the surface of CeSiNO2. Adapted from Mamoru Omori [22]  

In addition to the plasma issue, heating generation and transfer caused by pulsed DC current 

are very important as well because of its effect on the intrinsic effects of the current on mass 

transport and other processes in materials [24-27]. Nowadays, researchers have already reported 

the presence of large temperature gradients in the die in SPS experiments [28, 29]. Wang and 

coworkers [30, 31] and Matsugi et al. [28] made numerical simulations of temperature 

distributions under SPS conditions. In terms of predicting the real temperature inside SPS, 

extensive work of modeling associated with experimental results proved that the real 

temperature of the sample is higher than the measured one [32]. However, it also shows 

variation between electrically conductive and not conductive samples. The electrically 

conductive samples are internally heated by Joule heating and temperature inside the sintered 

samples is much higher than measured outside. On the other hand electrically not conductive 

samples have the hottest part close to the sintering die, but the measured temperature is from 

outside of the sintering die. Both experiments and numerical modeling have been conducted 

into this concern. However, a few facts, e.g., the graphite spacers or the temperature radiation, 

have not been considered in the previous modeling. U. Anselmi-Tamburini [5] utilized 

thoughtful modeling and experimental analyses to investigate the current distribution of two 

widely different electrically conductive materials, alumina, and copper, under typical SPS 

condition, shown in Fig. 2-3. In the case of alumina, the initial heating of the sample is not 

made by the current due to no current flow through sample. This is in contrast to the case of the 

copper sample, where Joule heating commences immediately.  

Boron carbide is a conductive ceramic material, which is widely used in ballistic protection. 

Theoretical density of B4C is 2.52 g/cm3, which is the lowest in ceramics and it’s the third hard 

material in world. In addition, B4C has low thermal expansion coefficient, excellent thermal 
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shock resistance. These prominent properties have attracted more and more attention in recent 

years. However, with the pressureless sintering, the pure Boron Carbide cannot be fully dense 

even at over 2300 oC [33]. Novel sintering techniques are used more and more often to sinter 

B4C materials. Wei Ji and colleagues fabricated fully dense Boron Carbide at 1700 oC with 

pressure of 80MPa by Spark Plasma Sintering (SPS), they concluded that the dominate 

densification mechanism was the plastic deformation [34]. Other researchers also obtained fully 

dense Boron Carbide by hot pressing above 2300 oC [35]. The study of boron carbide can bring 

us a better understanding of the direct Joule heating effect. 

 

 

Figure 2-3. Current distributions in the SPS die for alumina and copper samples. Applied voltage = 5 

V. Adapted from Anselmi-Tamburini. [5] 

Furthermore, another phenomenon caused by pulsed DC current is also appealing more and 

more researchers to work in it which is the so-called ‘field effect’ [2, 24, 26, 36-42]. David 

Salamon [11] observed pressure oscillations that were attributed to magnetic force generated 

by pulsed DC within the SPS apparatus. Salvatore GRASSO [42] reported that the electric field 

depends most critically on the ratio of the outer and inner diameter of the die and the intensity 

of the electric field across the sintering sample is significantly affected by duty cycle of the 

pulsed current. The finite element method (FEM) modeling results of electric field across the 

samples are shown in Fig. 2-4. The electric field across the sample can be significantly increased 

by decreasing die wall thickness or extending off time of the DC pulsed current from their 
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conclusions. Troy B. Holland [40] described how the polarization of a dielectric material 

contributes to the field strengths at particle surfaces and interfaces during the initial stage of 

sintering by numerical models. Even though researchers believed that the ‘field effect’ exists 

and plays a significant role in SPS, there is always a debt in the literature. Anselmi-Tamburini 

[38] discussed that an important fact should be noticed that the sample, in fact, is generally 

contained in a very conductive die, usually made of high-density graphite and acting as an 

electric load in parallel to the sample itself. As a result, although power suppliers used in SPS 

machines can generate voltages up to several tens of volts, only a small fraction of this voltage 

(only few mV) is actually present across the sample, even when the sample is not conductive. 

The voltage drop across the sample, in fact, is determined by the less resistant element, 

represented by the die. For a similar reason only in very few cases, the samples experience an 

intense electric current flow. Most of this current, in fact, flow through the die, unless the 

resistance of the sample is lower than the resistance of the die. The role that processes associated 

with current and field effects might have on the densification process has probably been 

overestimated in the SPS literature. They can probably play a significant role for specific 

materials in some specific conditions, but at the present stage of our understanding it is very 

difficult to indicate one of these effects as responsible for the significant enhancement in 

densification that SPS shows is all its applications. 

 

Figure 2-4. FEM modeling results of the electric field (V/cm) across the sintering of the 3Y-TZP 

sample. The electric fields are plotted during the dwelling at the sintering temperature of 1300°C 

for die thickness of 10 (a), 5 (b) and 2.5 (c) mm. Adapted from GRASSO. [42] 

Except for the study on the effect of pulsed DC current, researchers started to investigate the 

essence of pulsed DC current, which is pulse pattern (ON/OFF setting). Khanh Quoc Dang [10] 
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investigated the effect of the pulsed current waveform on the sintering behavior in PECS (Pulse 

electrical current sintering) of Alumina, the results showed that densification and grain growth 

were predominated by sample temperature and did not depend on the pulse pattern directly. The 

same results were obtained by Xie [12] who studied the frequency effect on pulse electric 

current sintering process of pure Aluminum powder. They sintered samples at pulse frequencies 

of 10, 40, and 300 kHz and also with DC current (0 Hz) and found no effect on relative density, 

electrical resistivity, and tensile properties of the sintered material. C. Maniere [9] studied the 

current pulse characteristics and behavior with time in various conditions of temperature, pulses 

sequences, materials, and total electric power. The current pulse intensity at different 

temperatures and pulse sequences is shown in Fig. 2-5. The results showed that the increase of 

the maximum intensity of the pulses goes with an increase of their step time and a decrease of 

the dead time and the electric contacts between the punches and the die are in a place of very 

low pressure (lower than 10 MPa) and are expected to have a stronger role. Almost the same 

results were obtained by Salvatore Grasso [42].  

The three main features of SPS are direct Joule heating, high heating rate, and mechanical 

pressure during sintering, among which the effect of mechanical pressure on the SPS process 

has been studied by numerous researchers. Although the maximum pressure is in the standard 

setting limited by the graphite die (∼ 150 MPa), it shows the great influence on the sintering 

temperature, densification, grain size and mechanical properties during the SPS process [2, 3, 

13, 15, 43]. Anselmi-Tamburini et al. [44] showed the influence of applied pressure on the final 

density of nano-zirconia in the range from 20 MPa to 150 MPa, but the crystallite sizes were 

not influenced at sintering temperature 1200 °C and dwell time of 5 mins. Anselmi-Tamburini 

et al. [45] also sintered nano-zirconia and nano-ceria ceramics at extremely low temperatures 

under pressure of 1 GPa and overcomes the deleterious effect of powder agglomeration. Shen 

et al. [23] obtained nano-alumina under various pressures (50 MPa, 100 MPa, and 200 MPa) 

and reported full densification at a lower temperature with a pressure of 200 MPa.  Similar 

hardness and fracture toughness were reported for all applied pressures. Additionally, a special 

design of the sintering die for high maximum pressure was demonstrated. Balima et al. [46] 

designed and built a new system within a belt type SPS apparatus by using a large volume 

chamber and different metal calibrants, which enables the high pressure up to 6 GPa. Aim of 

high-pressure SPS was often to prepare transparent ceramic materials with better optical 

performance compared with standard SPS. Grasso et al. [47] produced transparent pure alumina 
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(in-line transmission about 64%) with an average grain size of 200 nm under a pressure of 500 

MPa. Zhang et al. [48] sintered transparent (in-line transmittance 68%) yttria under a pressure 

of 300 MPa. Sokol et al. [49] Obtained transparent (transmittance of about 84%) polycrystalline 

magnesium aluminate spinel under a pressure of 350 MPa. 

 

Figure 2-5. Record of the current pulse intensity at different temperatures and pulses sequences, 

((a)–(c)) 200 ℃, ((d)–(f)) 1000 ℃, (a, b) 12-2, (b, e) 9-5, (c, f) 7-7, (g–i) Imax measured in various 

pulse sequences and temperatures. Adapted from Maniere. [9] 

In terms of the scientific mechanisms, the pressure has intrinsic and extrinsic effects on 

sintering, at a fundamental level, the former involves an increase in the chemical potential, 

which influences diffusion-related mass transport [5], as indicated by the following.: 

                                                             (2-1) 
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Where µI is the chemical potential at a particle interface under stress, µi° is the standard 

chemical potential, Ϭn is the normal stress at the interface, and ΩI is the atomic volume of the 

diffusing species. 

 

Figure 2-6. Temperature rates and temperatures of pressure application: protocol To (P-To) 

pressure applied at 1000 ℃, and Sw (P-Sw) pressure applied at 1800 ℃. Adapted from Guillard. 

[50] 

In addition, the pressure influences other processes intrinsically, including viscous flow, plastic 

flow, and creep. Extrinsically, the pressure influences particle rearrangement and the 

destruction of agglomerates in powders, the latter playing an important role in the consolidation 

of nan powders [17, 18]. Makino et al. [51] investigated the effect of pressure on the sintering 

of ultrafine alpha-alumina powders under PECS conditions. They concluded the influence of 

the pressure on crystallite growth: grain growth suppression increased when the powders were 

sintered at the high pressure. Guillard et al. [13] investigated the role of the PECS parameters 

in the densification of SiC. The pressure was applied at two different temperatures which were 

1000 °C and 1800 °C shown in Fig. 2-6. The result showed that the effect of pressure depended 

on the temperature at which it is applied.  

In a similar investigation, Chaim and Shen [14] showed no effect on the density of the 

temperature at which the pressure was applied in the sintering of Nd–yttrium–aluminum garnet 

(YAG) nanopowders. However, the effect on grain size was more complex: the grain size was 

lower when the pressure was applied at the sintering temperature if the latter (T) was less than 

about 1375°C but it was larger when sintering was carried out at higher temperatures. The grain 



11 

 

size was independent of the sintering temperature when the pressure was applied at a lower 

temperature (1200°C).  

Another aspect of the influence of pressure relates to the temperature difference between the 

sample and the die. Grasso et al. [52] reported that an increase in pressure resulted in a markedly 

lower difference in temperature at the two locations shown in Fig. 2-7, and attributed this to a 

decrease in electrical and thermal contact resistances at the punch-die interface due to Poisson 

deformation of the punch with a higher pressure.  

 

Figure 2-7.  The temperature difference between the sample edge (B) and die outer surface (A) 

points as a function of time (a) and die outer surface temperature (b). Adapted from Grasso. [52] 

In addition, the rate at which it is applied was investigated by Xu et al. [53] in the densification 

of yttria‐stabilized zirconia (YSZ). They found that the displacement rates affected the 

densification rates and the final density of the samples significantly. 
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3. Aims of the Thesis 

The aim of my doctoral thesis is to investigate the impact of Spark Plasma Sintering parameters 

on the sintering mechanisms of ceramic materials, and in turn, fabricate advanced ceramics 

with the concern of the effect. Specifically, making clear the points as follow: 

 The ‘field effect’ investigation of Spark Plasma Sintering 

 

 The impact of pulse pattern on Spark Plasma Sintering 

 

 The impact of applied pressure timing on Spark Plasma Sintering 

 

 The impact of direct Joule heating on the fabrication of boron carbide and its composite 

during Spark Plasma Sintering 
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4. Materials and methods 

4.1 Starting powder 

4.1.1 Alumina powder 

Two crystalline forms of alumina powder were used in this thesis, gamma-alumina, and alpha-

alumina, as displayed in Fig. 4-1. The gamma-alumina powder was from Centralchem, s.r.o., 

Slovakia, product number 1344-28-1, the particle size was not listed on the datasheet. The 

alpha-alumina powder was from Taimei Chemicals CO., LTD., Japan, the grain size was about 

100 nm. 

 

Figure 4-1. The microstructure of (a) gamma-alumina powder, (b) alpha-alumina powder 

4.1.2 Metal powders 

The metal powders, iron, copper, and nickel, were doped into alumina powder to study the ‘field 

effect’. The metal powders were all from company pkchemie – kovyachemie, Czech Republic. 

The particle size of iron powder was less than 100 µm and its purity was 90 %, the copper 

powder has the same particle size less than 100 µm but much higher purity 99.0 %, for the 

nickel powder, the particle size and purity were less than 100 µm and 90 %, respectively. 

4.1.3 Titanium oxide powder 

The titania powder was from company Advanced Materials, USA, with a particle size 25 nm 

and purity 99.9 %. The product number was 22N-0803A. 
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4.1.2 Boron carbide powder 

The boron carbide powder was from company Advanced Materials, USA, with a particle size 

of less than 1 µm and purity 99.7 %, as is shown in Fig. 4-2. 

 

Figure 4-2. The microstructure of boron carbide powder 

4.2 Powder mixing 

Mixing of all powders was done by a ball milling method with a ball-powder ratio of 5:1 and 

milling speed 280 RPM. The alumina ball has a size of 5 mm in diameter for the alumina-based 

powder mixture. For the boron carbide-based powder mixture, the ball is zirconia of 5 mm 

diameter. 

4.3 Spark Plasma Sintering  

There are two kinds of Spark Plasma Sintering modes applied in section 5.1 and 5.2, one 

specially designed sintering system in section 5.2, and one pressureless SPS in section 5.3. The 

SPS apparatus which we used was Dr. Sinter SPS-625 from Fuji Electronic Industrial CO., 

LTD. 
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4.3.1 Auto mode Spark Plasma Sintering 

Sintering by auto mode was regulated by set up temperature and its power output (the 

percentage of power for heating of samples) was controlled by the feedback of temperature and 

related parameter. Most of the work was done in auto mode sintering. The schematic of the SPS 

setting is shown in Fig. 4-3. 

 

Figure 4-3. Schematic of standard SPS setting 

The standard SPS setting consists of graphite spacers and die-punches (inner diameter 12 mm). 

All the graphite units were from MERSEN France Gennevilliers. For the standard SPS studied, 

2.0 g (different with materials) powder was filled into the graphite die, then sintered in the 

vacuum with a pulse pattern 12:2. The heating rate was set to 100 ℃/min and followed by a 

dwell time of 2 min. The mechanical pressure was 50 MPa (5.6 kN) and applied from 600 ℃ . 

The temperature was measured by a radiation pyrometer (working temperature range: 570 ~ 

3000 ℃) which was focused on the hole on the outer surface of the graphite die for standard 

SPS and the outer wall of the graphite crucible for pressureless SPS, respectively. The electric 

current, voltage, temperature, displacement, pressure, and vacuum were recorded by a computer 

every second. 

For the study on timing of applied pressure (section 5.3), the pressure was 50 MPa (5.6 kN), 

applied from the beginning of the sintering (room temperature), beginning of the temperature 

controller (600 ℃, the radiation pyrometer works at 570 ℃), beginning of shrinkage (900 ℃) 

and the end of the heating process (at the beginning of dwell period). The minimum pressure 

before applying the final 50 MPa was 13.3 MPa (1.5 kN). The pressure applying rates were all 
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the same from 13.3 MPa to 50 MPa in 1 minute. The schematic picture of the pressure applying 

timing is shown in Fig. 4-4. The final sintering temperatures were 1100 ℃, 1150 ℃, 1200 ℃, 

and 1300 ℃, respectively. 

 

Figure 4-4. The schematic of the pressure applying timings as the example of sintering at 1200 ℃ in 

section 5.3 

4.3.2 Manual mode Spark Plasma Sintering 

Sintering by manual mode was regulated by setting power output, instead of setting the 

temperature and heating rate, the manual mode sintering was to set the output, the final 

temperature was achieved according to the set constant output, e.g. 10%. Available power for 

this SPS apparatus is consisted of 0 - 5000 A and 0 – 10 V. The die-punch system, temperature 

measurement, and computer recording were all the same as auto mode standard SPS. This 

sintering mode was utilized to sinter metal-doped alumina samples and graphite punches in 

sections 5.1 and 5.2. 
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4.3.3 Special designed system in Spark Plasma Sintering 

 

Figure 4-5. Schematic of the specially designed system in SPS 

In order to investigate the impact of the pulse pattern (ON/OFF setting) on the Spark Plasma 

Sintering process in section 5.2, we designed two graphite punches (diameter 30mm) instead 

of the conventional die-punch system, which were amounted between the spacers. The 

schematic of the SPS experiments is shown in Fig. 4-5. The pressure 8 MPa (Force 5.6 kN) and 

the constant output 30% was applied from the beginning of the heating process. The effect of 

pulse pattern was investigated at three conditions, the constant ON time, the constant OFF time 

and the constant ON/OFF ratio. The pulse patterns of constant ON time were 12:2, 12:4, 12:6 

and 12:8, in which 12:2 was the most commonly used pulse pattern. The pulse patterns of the 

constant OFF time were in 2 groups, which were the less OFF time patterns 4:2, 6:2, 8:2, 10:2 

and 12:2, and more OFF time patterns 10:9, 20:9, 30:9 and 40:9, respectively. The pulse patterns 

of constant ON/OFF ratio were 12:2, 24:4, 36:6 and 48:8.  

The heating time was 10 minutes after switching on the SPS machine. Before experiments, a 

pre-heating process was conducted, which was heating the punches to about 700 oC with 

chamber pressure below 10 Pa, applied mechanical pressure 8 MPa (5.6 kN) and 30% output, 

then switching off the power, filling nitrogen in vacuum chamber up to 1 bar and waiting for 
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10 minutes cooling. Between each experiment, waiting time is constant 10 minutes with filled 

nitrogen; therefore, this consideration combined with the pre-heating process ensured the 

identical experimental conditions during each heating round. The pulse pattern 12:2 was tested 

by the same method with three different applied mechanical pressures which were 4 MPa (2.8 

kN), 8 MPa (5.6 kN) and 12 MPa (8.4 kN), respectively. TiO2 powder (Aeroxide P25, Degussa) 

was heated for 10 minutes with pulse pattern 12:2 and 10:9 in a graphite die (diameter 12.5 

mm), the power outputs were both constant 9%. The temperature measurement and computer 

recording were all the same as auto mode standard SPS.  

4.3.4 Pressureless Spark Plasma Sintering 

 

Figure 4-6. The schematic of pressureless SPS 

As shown in Fig. 4-6, the pressureless SPS setting uses a graphite crucible (inner diameter 

20mm) instead of die-punches, and there is a layer of carbon wool between the sample and the 

inner wall of the crucible in order to prevent the non-uniform thermal distribution caused by 

the direct contact between the sample and the crucible. For the pressureless SPS, the green 

bodies were made by a uniaxial press with a pressure of 25 MPa (green body density 56.2 % of 

theoretical density) and then transferred into the graphite crucible. The sintering temperature, 

temperature measurement, and computer recording were taken at the same conditions as 

standard SPS. The pressureless SPS was mainly used to sinter alumina samples in section 5.3. 
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4.4 Density measurement 

The density measurement for ceramic materials is of great importance due to that ceramic 

materials always have both closed porosity and open porosity, it is quite different from density 

measurement for metals. Firstly, dry the samples for 2 hours at 150 ℃ to measure the dry mass 

by an analytical balance, recorded as Mdry. Secondly, put the dry samples into a container to 

vacuum it for 30 minutes, then fill in the distilled water into the container to let the water enter 

open pores of the samples for another 30 minutes. Thirdly, recover the normal atmosphere in 

the container for the last 30 minutes, and then measure the wet samples in the water and with 

water, recorded as Minwater and Mwithwater, respectively. The density of the sample ρsample could 

be expressed as: 

𝜌𝑠𝑎𝑚𝑝𝑙𝑒 =
𝜌𝑤𝑎𝑡𝑒𝑟 × 𝑀𝑑𝑟𝑦

𝑀𝑤𝑖𝑡ℎ𝑤𝑎𝑡𝑒𝑟−𝑀𝑖𝑛𝑤𝑎𝑡𝑒𝑟
  

(4-1) 

where ρwater is the density of the water, which depends on the temperature of the water. The 

open porosity could be expressed as: 

𝑂𝑝𝑒𝑛 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =
𝜌𝑠𝑎𝑚𝑝𝑙𝑒 × (𝑀𝑤𝑖𝑡ℎ𝑤𝑎𝑡𝑒𝑟 − 𝑀𝑑𝑟𝑦)

𝜌𝑤𝑎𝑡𝑒𝑟 × 𝑀𝑑𝑟𝑦
× 100% 

             (4-2) 

4.5 Sample polishing 

The samples were polished on a semiautomated machine (Grinder/polisher Tegramin 30) for 

the hardness measurement and SEM observation. Firstly, the samples were crushed or cut into 

small pieces, then choose one or two pieces to be mounted into a polymer bulk (diameter 30 

mm) by a hot mounting machine (Mounting press Citopress 10). The polishing steps are 

displayed in Table 4-1. The time of every step is depended on the material. 
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Table 4-1. Sample polishing steps for ceramic materials 

 

4.6 Hardness measurement 

Hardness is a commonly used indicator of mechanical properties in the field of ceramics, which 

was measured by a THV-30MD digital Vickers hardness tester on a well-polished surface with 

a 5.0 kg force for alumina and 1.0 kg force for boron carbide, the dwell time was 12 seconds. 

Each sample was measured at least 5 times. The indentation was observed on an inverted light 

microscope (ZEISS-Z1M) and it is shown in Fig. 4-7. The Vickers hardness is calculated as: 

HV (HV) =
2 F sin  

1360

2
𝐷2

= 1.854 ×
𝐹

𝐷2
  

                                                 (4-3) 

Hardness (GPa) = 1.854 × 9.8 ×
𝐹

𝐷2
 

(4-4) 

Where ‘F’ is the load in the test, e.g. ‘F’ equals to 1.0 kg for the measurement of boron carbide. 

‘D’ is the average value of D1 and D2 shown in Fig. 4-7. 
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Figure 4-7. The indentation of boron carbide observed on a light microscope 

4.7 Fracture toughness measurement 

The Fracture toughness KIC was calculated by the indentation method, the formula we used was 

the empirical formula of Evans and Charles [54, 55], expressed as: 

𝐾𝐼𝐶(𝑀𝑃𝑎 ∙ 𝑚0.5) = 0.16 × (
𝑐

𝑎
)−1.5 × (𝐻 × 𝑎0.5) 

                                           (4-5) 

Where ‘c’ is the average value of c1, c2, c3, and c4 shown in Fig. 4-7, ‘a’ equals to the half of 

‘D’ (equation 4-3), ‘H’ is the hardness (GPa) (equation 4-4). Therefore, we substituted ‘H’ by 

equation 4-4, the equation 4-5 could be expressed as: 

𝐾𝐼𝐶(𝑀𝑃𝑎 ∙ 𝑚0.5) = 0.16 × 0.47 × 9.8 × 𝐹 × 𝑐−1.5 ≈ 0.74 × 𝐹 × 𝑐−1.5 

                  (4-6) 
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4.8 Scanning electron microscope  

The microstructure was observed on a scanning electron microscope (SEM) with a sample of 

fresh fracture surface or well-polished surface. The polished surface should be thermally etched 

at temperature 100 ℃ lower than sintering temperature for 10 minutes. The samples with metal 

dopants were thermally etched by SPS in a vacuum atmosphere. The SEM apparatus was the 

High-Resolution Scanning Electron Microscope FEI Verios 460L, equipped with energy 

dispersive spectrometer (EDS) and electron backscatter diffraction detector (EBSD), both 

secondary electron mode and backscattering electron mode were used to observe the 

microstructure. 

4.9 X-Ray Diffraction  

The X-ray diffraction (XRD) was used to identify the phases in the ceramic composites. The 

tests were done in an X-ray powder diffractometer Rigaku SmartLab 3kW with a Cu target. 

The scanning range and time were 15 – 90 degrees and 22 minutes, respectively. 
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5. Selected result and discussion 

In this part, there are mainly four sections: the investigation of ‘field effect’, ON/OFF setting, 

applied pressure timing, and direct Joule heating. These researches were done systematically 

and in details. The obtained results and related discussions will be displayed below. 

5. 1 ‘Field-effect’ investigation in Spark Plasma Sintering  

5.1.1 Experimental results 

 

Figure 5-1. Shrinkage rate curve of γ Al2O3 and 5Fe-γ Al2O3 

In order to study the ‘field effect’ in SPS, we attempted to use the electrically non-conductive 

powder doped with conductive powders due to that the current would not go through the sample 

to make any direct Joule heating. Therefore, the impact of metal doping on the SPS process was 

investigated on samples containing gamma-Al2O3 powder doped with 5 vol. % Fe, Ni, and Cu, 

respectively, so that the electrically conductive powder (Fe, Ni, and Cu) might be affected by 

the electromagnetic field in the condition that no current flows through the sample. Further, 

huge shrinkage would be observed when gamma-Al2O3 powder transfer to alpha-Al2O3, and it 

serves as a temperature indicator independent of radiation pyrometer. The metal dopants which 

are Fe, Ni and Cu have different thermal capacity and could be sorted into two kinds: 
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ferromagnetic metal (Fe and Ni) and non-ferromagnetic metal (Cu). This should show different 

results if the metal is affected by electromagnetic field.  

Fig. 5-1 shows the shrinkage rate curves of γAl2O3 and 5Fe-γ Al2O3 during sintering to 1500 ℃ 

by auto mode sintering with the same sintering parameter (100 ℃ /min, 50 MPa from 600 ℃), 

the shrinkage curves are transformed from the displacement data. The figure displays that the 

shrinkage of 5Fe-γAl2O3 is earlier than pure γAl2O3, the temperature of the peak shrinkage rate 

of 5Fe-γAl2O3 and pure γAl2O3 are 1126 and 1209 ℃, respectively. 

The density curve of γAl2O3 and 5Fe-γAl2O3 are shown in Fig. 5-2. The densities were 

measured for both kinds of samples prepared at 1100, 1200, 1300 and 1400 ℃. As seen from 

the figure, the densities of 5Fe-γAl2O3 are higher than pure γAl2O3 at the same temperature. 

 

Figure 5-2. Density curve of γ Al2O3 and 5Fe- γ Al2O3 

The temperature curve of γAl2O3, 5Fe-γAl2O3, 5Cu-γAl2O3 and 5Ni-γAl2O3 in Fig. 5-3 shows 

quite different results during sintering by the manual SPS mode of constant 9 % output. During 

the experiments, the temperatures after 10 minutes of constant heating mean the temperature is 

over 570 °C and pyrometer starts to work, these temperatures were recorded and shown in this 

figure. All the temperatures of metal doped samples are higher than pure γ-Al2O3 and the sample 

of the highest temperature is 5Fe-γAl2O3. Furthermore, the temperature difference between 

5Fe-γAl2O3 and pure γ-Al2O3 is more than 150 °C which is a huge and surprising value. 
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Figure 5-3. Temperature curve of constant 9 % output 

5.1.2 ‘Field-effect’ discussion 

The shrinkage rate and the final density are apparently different at the same temperature of 

sintering by auto mode sintering, as seen from the two figures above. It indicates that the 

temperatures inside the samples are different, the temperature measurement was identically 

conducted by a radiation thermometer which was focused on a small hole in the graphite die. 

The measured temperature is higher than actual temperature for a nonconductive sample as it 

was proved by several researchers. Jan Räthel [6] concluded that temperature measurements 

during Field Assisted Sintering strongly depend on the positioning of temperature measuring 

devices, influenced by different tool setups and dimensions, and the sintering of an electrically 

non-conductive material produces a higher temperature on the outside of the die contrary to a 

conductive sample. The most of the Joule heat is produced within the piston, graphite paper and 

die, and has to be transported to the whole sample. As a result, overheating close to the die is 

observed for nonconductive samples. Contrary, conductive samples produce most of the Joule 

heat from the sample itself. Therefore, the measured temperature will be lower than the actual 

temperature of the sample.  

The presented cases are both electrically nonconductive samples of alumina. The open question 

is why the actual temperature of the iron-doped sample is higher than that of pure 

nonconductive samples? We proposed some reasons, firstly, thermal capacity may be 
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considered because Joule heat generated from the graphite sintering die has to be transferred to 

the samples by thermal conduction as discussed above. Hence the thermal capacity becomes an 

important factor. The thermal capacity of iron is 1/3 lower than that of Al2O3, so the actual 

temperature of the iron-doped sample is higher than pure Al2O3. This explanation seems 

perfectly suitable for the problem. However, two different samples with different thermal 

capacities were sintered (doped with different metals which are Cu and Ni) to prove the 

assumption of thermal capacity influence, as seen in Fig. 5-3. 

According to the simplified calculation, we set the temperature of gamma alumina as the 

baseline, then calculated the temperature increment by the differences of the thermal capacity. 

The result is shown in Fig. 5-4. The temperature increments of thermal capacity are 16.1 ℃ for 

Fe and Ni, and 20.1 ℃ for Cu. Compared with the total temperature increment, these are much 

lower values, so there must be other reasons accounting for the different temperatures. 

In the presented case, electric current flows through the graphite die rather than the sample due 

to electrical non-conductivity. Furthermore, the current is pulsed direct current (pulsed DC) 

which is changing rapidly and it qualifies the condition for electromagnetic induction. At last, 

the most important part is the metal dopants which enable the generating of eddy current and 

production of induction heating.  

 

Figure 5-4. Temperature increment of different metal dopants 
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In order to prove our idea, we cooperated with the physics department in the faculty of 

mechanical engineering to make the simulation of electrical, magnetic and thermal fields during 

the experiments, the result is shown in Fig. 5-5. The simulated mode is displayed in Fig 5-5 (a), 

it is a standard SPS graphite die-punch unit with a diameter 12 mm, the sample inside is non-

conductive and the simulated current is constant 1000 A. The simulation of current density is 

shown in Fig 5-5 (b), all the current goes through the graphite die owing to the fact that the 

sample inside is non-conductive, this indicates a good agreement with other researchers. Further, 

the current concentrates on the pistons and the contact part between the pistons and die because 

we did not consider the contact resistance and graphite paper effect in this simulation. The 

simulation of the electric field is shown in Fig 5-5 (c), as referring to the current density, the 

electric field is related to the current density in the piston-punch unit. However, in the sample 

area, the electric field is about 70 V/m which is rather higher than the graphite surrounding. 

When it comes to the magnetic field shown in Fig 5-5 (d), the result is surprising that the 

magnetic field in the sample area is ‘zero’, it means there is no magnetic field in this area, 

neither the electromagnetic induction. The reason for that is quite simply because the shape of 

the die-punch unit is symmetric. The magnetic field induced by the electric field cancels each 

other by the opposite electric field. The sample is in the center of the die-punch unit, thus, the 

magnetic field in the sample area is equal to zero. Then we may think that if the die is not 

perfectly symmetric or the sample is not the perfect center of the die-punch unit, what would 

happen? 
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Figure 5-5. The simulation of current density, electric field, and magnetic field, (a) simulated mode, 

(b) current density, (c) electric field and (d) magnetic field  

According to this idea, we simulated the magnetic field again, the result is shown in Fig. 5-6. 

In Fig 5-6 (a), this is a symmetric situation, the magnetic field is zero as discussed above. In 

Fig 5-6 (b), we set the distance ‘d ’ between the new point and the center is 1 mm, the simulated 

magnetic field is about 750 µT which is a really low value (typical magnetic field of the Earth 

near its surface is around 50 µT), the temperature would not be affected so much under this 

magnetic field as shown in Fig 5-6 (c). The temperature difference is just 1 ℃ according to the 

simulation.  
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Figure 5-6. Simulation of a non-symmetric die-punch unit (a) symmetric, (b) non-symmetric, and 

(c) thermal field simulation of a non-symmetric situation 

These results really disappointed us very much, the so-called ‘field effect’ has been reported by 

many researchers. However, according to our study, there is almost no magnetic field in the 

sample area which is able to influence the sample macroscopically. The reason accounting for 

the different obtained temperatures still needs to be studied.  

5.2 Impact of pulse pattern on Spark Plasma Sintering 

5.2.1 Experimental results 
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Figure 5-7. Temperature and current of different pulse patterns. (a) Constant ON time ‘12’, (b) 

Constant OFF time ‘2’, (c) Constant OFF time ‘9’, (d) Constant ON/OFF ratio 6 

The pulse patterns 12:2, 12:4, 12:6 and 12:8, which are all with constant ON time ‘12’, were 

tested and are shown in Fig. 5-7 (a). With the increasing OFF time, the obtained temperature 

increases, while the recorded current decreases. The highest temperature and highest current 

are obtained by pulse patterns 12:8 and 12:2, respectively. Therefore, the increasing OFF time 

reduces the recorded current but improves the energy efficiency (the higher temperature can be 

reached with the same output means higher energy efficiency) in the condition of a constant 

ON time.  

The result of heating with the pulse patterns 4:2, 6:2, 8:2, 10:2 and 12:2 is displayed in Fig.5-8 

(b). With the increasing ON time, the obtained temperatures do not increase as rapidly as the 

obtained currents do; they change like a waveform (up and down). Hence, the ON time perhaps 

has no obvious effect on the energy efficiency in the condition of the constant OFF time ‘2’. In 

other words, the OFF time determines energy efficiency. However, considering that OFF time 

‘2’ is a small value in the range ‘1 - 9’, the tests with the bigger constant OFF time patterns 

were conducted and shown in Fig. 5-7 (c), which are 10:9, 20:9, 30:9 and 40:9. The highest 

temperature and highest current are obtained by pulse patterns 10:9 and 40:9, respectively. 
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Combined with the results in Fig. 5-7 (b), the preliminary conclusion is that when the OFF time 

is small (e.g. ‘2’), the ON time has little effect on the energy efficiency; while when the OFF 

time is relatively big (e.g. ‘9’), the energy efficiency decreases with the increasing ON time. 

Further, the recorded current increases with the increasing ON time and the decreasing OFF 

time. 

The temperature and current of the constant ON/OFF ratio ‘6’ patterns are shown in Fig. 5-7 

(d). The tested pulse patterns are 12:2, 24:4, 36:6 and 48:8, respectively. From Figure 5-7, the 

obtained temperatures and recorded currents both have little change. Therefore, when the 

ON/OFF ratio stays constant, the increasing ON time (or the increasing OFF time) has little 

influence on the energy efficiency and recorded current.  

 

Figure 5-8. Temperature and current of varying ON/OFF ratio 

Based on the result in Fig. 5-7 (d), we tested the varying ON/OFF ratios from 1 (9:9) to 6 (12:2) 

and the results are displayed in Fig. 5-8. The highest temperature is obtained by pulse pattern 

9:9, and the highest recorded current is obtained by pulse pattern 48:8, in which the recorded 

voltages of different pulse patterns are all around 1.7 V. 
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Figure 5-9. SEM of heated TiO2 powder with different pulse patterns and constant power. (a) 12:2, 

(b) 10:9. 

To demonstrate the impact of the pulse setting on the sintering conditions, the TiO2 powder was 

heated in a graphite die with pulse patterns 12:2 and 10:9, respectively. For the pulse pattern 

12:2, the reached temperature was 812 oC with a density of 86.6%, while for the pulse pattern 

10:9, the reached temperature was 997 oC with a density of 95.0%. The microstructure of pulse 

patterns 12:2 and 10:9 are shown in Fig. 5-9 (a) and (b). The grain size of pulse pattern 10:9 is 

over 10 times coarser than that of pulse pattern 12:2. 

5.2.2 Pulse pattern effect discussion 

The benefits of the pulsed DC for the sintering process are still not clear when compared with 

the cheaper AC alternative, and pulsing itself is questionable especially when compared with 

new techniques such as flash sintering [56]. In this work, the impact of pulsed DC on energy 

efficiency and mechanical pulsing during the SPS process were investigated. It was shown that 

the ON/OFF ratio has the main impact on the recorded current as well as the obtained 

temperature with constant power input. Furthermore, the needle shaking and force oscillation 

phenomenon have been observed from the experiments. 
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Figure 5-10. Pulsed DC current simulation 

According to the measurement of pulse patterns carried out by previous researchers, C. Maniere 

[9] measured pulse patterns 12:2, 9:5 and 7:7, where the peak current intensity increased with 

an increasing OFF time and the increment was about 10%. The same result was obtained by 

Khanh Quoc Dang [10], who measured pulse patterns 12:2 and 2:6, where the peak voltage 

intensity of 2:6 was obviously higher than 12:2. The higher peak intensity is due to the fact that 

the power per pulse applied for heating must increase with the increasing OFF time when the 

overall output is constant. In our experiments, the recorded current decreases with the 

increasing OFF time and decreasing ON time as shown in Figs. 5-7 and 5-8, which is in line 

with the research of David Salamon [11], who measured the current of pulse patterns 12:2, 10:9, 

36:2 and 30:9, where the recorded current of pulse pattern 36:2 was the highest, while 10:9 was 

the lowest. Therefore, although the peak intensity of pulse pattern 10:9 is higher than that of 

pulse pattern 12:2, the measured current of pulse pattern 10:9 is still lower. These experiment 

results revealed that although the peak current intensity is higher in pulse patterns of more OFF 

time, this increment is not enough to compensate for the decrement by longer OFF time when 

measuring the current. 

The qualitative analysis was done to confirm the assumptions mentioned above. The power 

source applied in SPS is the pulsed DC, and the open question is how can the SPS machine 

measure the pulsed DC and show a relatively stable value? According to the measurement of 

the AC current, it calculates the effective current by the integration of one period [57]. We could 

also obtain the effective current by the same method. The current shape is simulated as a 

standard triangle and it possesses ‘n’ ON time and ‘m’ OFF time with a constant time interval 

‘T’ of each pulse, as shown in Fig. 5-10.I andV are the effective current and effective voltage, 

and they should also be the recorded current and voltage measured by the SPS machine. Imax 

and Vmax are the peak current and voltage of the pulsed DC. ‘T’ is the constant time interval of 
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each pulse, which is 3.3 ms, as mentioned above. Then one period which is ‘(n+m)T’ is taken 

into account for calculating the effective current and effective voltage as shown in equation 5-

1 and 5-2: 
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So from the formula above: 
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Further, the effective power entering the system during the time interval (n+m) T can also be 

expressed by effective voltage and effective current: 
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The formula 5-4 demonstrates that effective power is related not only to the effective current 

and voltage but also to the ON/OFF ratio. Figure 5-16 shows the calculated effective power 

(formula 5-4) and measured temperatures with different ON/OFF ratios. In Figure 5-11, both 

the effective power and recorded temperature follow the same trend. The simulations are 

confirmed by the TiO2 experiments as seen in Figure 5-9 where the constant power of pulse 

patterns 12:2 and 10:9 result in different temperatures and microstructure. Therefore, the 

calculations about the effective current (recorded current) and effective power are quite capable 

of explaining the experiment results. The formulas 5-3 and 5-4 could be the simplified equation 

for judging the effect of the pulse pattern on the recorded current. 
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Figure 5-11. Effective power and temperature after 10 minutes of heating 

Simultaneously, certain points that do not match the calculation should also be noted and 

analyzed. When we build the model for calculation, the shape of the pulses is simplified as a 

standard triangle and the ON time and OFF time are a constant ‘n’ and ‘m’, respectively. 

However, the fact is that the shape of the pulses changes with the pulse pattern, and the number 

of ON and OFF time are changing almost all the time, according to the reports [8-10]. The 

uncertainty of the pulse shape and pulse number is one reason for the error of the model, another 

reason is the mechanical pulsing, which will be discussed later. 

The energy efficiency is judged by the obtained temperature after 10 minutes of heating with 

the constant output. Figure 5-7 (a) shows that the increasing OFF time reduces the recorded 

current but improves the energy efficiency in the condition of constant ON time. This result 

seems in contrast with C. Maniere’s [9] research, which reported that the decreasing ON time 

and increasing OFF time resulted in the increasing maximum intensity of the pulses when 

heating to the same temperature, it seems that decreasing ON/OFF ratio consumes more energy 

and in turn lower the energy efficiency. However, in C. Maniere’s work, they used auto mode 

to heating the materials, which means the output will be adjusting by the temperature, so the 

total output is actually unknown. Moreover, the increased maximum intensity of the pulses does 

not mean the increased output, because there will be more OFF time along with the decreasing 

ON/OFF ratio. Therefore, we cannot judge the energy efficiency in C. Maniere’s work. In the 

manual mode sintering which we used, the output of the generator is constant all the time, so it 

is easy and accurate to judge the energy efficiency by recording the achieved temperatures. 
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Figure 5-7 (b) shows that the ON time has little effect on the energy efficiency in the condition 

of constant OFF time ‘2’. However, considering that OFF time ‘2’ is a small value in the range 

of ‘1 - 9 ’, the tests with bigger constant OFF time patterns are necessary to figure out the 

principle, i.e. 10:9, 20:9, 30:9 and 40:9 respectively. Data presented in figures 5-7 (b), (c) and 

3 indicates that the ON/OFF ratio determines the energy efficiency, and there is a trend that 

energy efficiency increases with a decreasing ON/OFF ratio. In Fig. 5-8, the highest 

temperature is obtained by pulse pattern 9:9, where the ON/OFF ratio is 1. The one reason 

accounting for higher energy efficiency is the effective power that was analyzed in the previous 

section. In Fig. 5-11, the effective power decreases with an increasing ON/OFF ratio, thus the 

obtained temperature also decreases in the condition of the same heating time and same 

resistivity.  

5.3 Impact of applied pressure timing during Spark Plasma Sintering 

5.3.1 Experimental results 

All data of density, grain size, hardness and sample name in the present study are displayed in 

Table 5-1. In total, there are 20 different samples in this study, and we also repeated some 

experiments which were abnormal (for example P900-1150). Each sample has been given a 

name, for example, P600-1200 stands for the sample that sintered at 1200 ℃ with pressure 

applied at 600 ℃. 
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Table 5-1. Sample names, final sintering temperature, and achieved properties. 

 

The density curves of all the samples are shown in Fig. 5-12. It is obvious that the densities of 

PL samples are much lower than the others. Even at 1300 ℃, the sample PL-1300 is still not 

fully dense (94.23 %). The densities of PS samples are higher than those of PL samples but still 
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lower than PB, P600 and P900 samples. At 1300 ℃ the sample PS-1300 starts to be fully dense 

(98.39 %). The density curve of PB, P600 and P900 samples are quite similar. At 1100 ℃ the 

highest density is obtained by the sample P600-1100 (84.57 %), while at 1150℃ the density of 

P900-1150 is the highest (96.37 %). At 1200 ℃ and 1300 ℃, the PB, P600, P900 samples are 

all close to fully dense and present little difference in density. 

 

Figure 5-12. Density curves of samples sintered at different temperature with different pressure 

applying timings 

Fig. 5-13 shows the grain size curve and histogram of each sample sintered with different 

conditions. At 1100 ℃ and 1150 ℃, the grain sizes of all the samples are still very fine, all 

around 150 ∼200 nm. At 1200 ℃, the grain size of the sample PB-1200 starts to grow, which 

raises to 257 ± 77 nm, the grain sizes of the other samples are also a bit coarser than those of 

1100 ℃, while they are still below 200 nm. At 1300 ℃, the grain size increases dramatically to 

5 ∼ 7 times bigger, among which the grain size of P600-1300 and PS-1300 are the biggest with 

the value of about 2.0 µm, the grain size of PB-1300 and P900-1300 are rather low but still as 

big as about 1.2 um. The finest grain size is the PL sample, it increases only a few hundred 

nanometers from 1100 ℃ to 1300 ℃. 



39 

 

 

Figure 5-13. The grain size of samples sintered at different temperature with different pressure 

applying timings 

The hardness curve and histogram are shown in Fig. 5-14. The hardness of PB, P600, and P900 

samples increases firstly and then decreases with the increasing temperature, while the hardness 

of PS and PL samples increases all the time with the increasing sintering temperature. At 1100 

℃, the hardness values from high to low are samples of PB > P600 > P900 > PS > PL, which 

indicates that the mechanical pressure is applied earlier, the hardness is higher. In other words, 

the longer the applied mechanical pressure lasts, the higher the hardness obtains. At 1150℃, 

the highest hardness is the sample P900-1150 with a value of 1955.1 ± 48.8 HV5. The hardness 

of P0-1150 and P0-1200 are almost the same around 1690 HV5, while the hardness of PS-1150 

and PL-1150 are much lower, which are 987.0 ± 27.3 HV5 and 390.8 ± 15.0 HV5, respectively. 

At 1200℃, the highest hardness is obtained by P900-1200 as well with a value of 1964.0 ± 23.8 

HV5, however, it is only less than 100 HV5 higher than that of PB-1200 and P600-1200. The 

hardness of PS and PL samples are still much lower. At 1300 ℃, the hardness of PB, P600, and 

P900 samples decreases, while the hardness of PS and PL samples increases as high as the other 

samples. The hardnesses of these five samples are not much different. 
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Figure 5-14. The hardness of samples sintered at different temperature with different pressure 

applying timings 

All the grains are quite fine, among which the grain size of PB-1200 is the largest shown in Fig. 

5-15 (a), PS-1200 and PL-1200 shown in Fig. 5-15 (d) and (e) are both the finest. Moreover, 

from Fig 5-15 (a), (b) and (c), the grains are all equiaxed and polygonal-shaped, only a few 

micropores are distributed between the grain boundaries. While from Fig. 5-15 (d) and (e), the 

grains are round and partially connected, there are large pores among the structures. 
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Figure 5-15. Microstructures and recorded displacements of samples sintered at 1200℃ with 

different pressure applying timings (a) PB-1200, (b) P600-1200, (c) P900-1200, (d) PS-1200 and 

(e) PL-1200. 

Fig. 5-16 shows the microstructures of PB-1300, P600-1300, P900-1300, PS-1300, and PL-

1300 samples. Compared with Fig. 5-15, all the grains grow much bigger than those sintered at 

1200 ℃, except the PL samples. The grain sizes of P600-1300 (Fig. 5-16 (b)) and PS-1300 (Fig. 

5-16 (d)) are the largest, PB-1300 (Fig. 5-16 (a)) is the second largest, and the PL-1300 (Fig. 

5-16 (e)) is again the finest. From 1200 ℃ to 1300 ℃ the grain size of the PS sample increases 

the most shown in Fig. 5-15 (d) and Fig. 5-16 (d). In Fig. 5-16 (a), (b), (c) and (d), the grains 

are equiaxed and inhomogeneous, the large grains are more than 3 µm, while the fine grains are 
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less than 1 µm. In addition, the micropores are distributed on the grain boundaries, which is 

more obvious in the PB and P600 samples shown in Fig. 5-16 (a) and (b). In Fig. 5-16 (e), the 

grains are better connected and becoming polygonal-shaped, however, the large pores are still 

presented in the microstructure. 

 

Figure 5-16. Microstructures and densities of samples sintered at 1300℃ with different pressure 

applying timings (a) PB-1300, (b) P600-1300, (c) P900-1300, (d) PS-1300 and (e) PL-1300 
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5.3.2 Mechanical pressure timing discussion 

As we know, the sintering of ceramic powder is divided into 3 stages, the first stage starts with 

that the sharply concave necks form between the individual particles. In this stage, the 

densification is limited and typically only the first 5% of the linear shrinkage. The second stage 

has the microstructure which consists of a three-dimensional interpenetrating network of solid 

particles and channel-like pores due to the high curvatures of the first stage that have been 

moderated. This stage covers most of the densification and is considered to finish with 5 ~ 10% 

porosity. The last stage starts when the grain growth becomes significant and the channel-like 

pores break down into the isolate one. This stage is normally accounted for the last few percents 

of porosity, while it is very difficult to remove the residual pores [58]. 

As the displacement of graphite die-punch was recorded by the PC during SPS, we noticed that 

the shrinkage of pure nanocrystalline Alumina powder starts around 900 ℃, which means the 

first stage of sintering starts at 900 ℃. Moreover, our results of the alumina densification curve 

are similar to the research of Yukio Makino who reported that TM-alumina (Taimei, Japan) can 

be fully dense at 1200 ℃ under 30 MPa and 1150 ℃ under 100 MPa [51]. Therefore, we 

designed four timings of mechanical pressure: (1) At the beginning of SPS process, it was from 

room temperature, known as PB; (2) At the middle between the beginning of SPS and the 

starting of sintering stage, 600 ℃, it was also near the working temperature of radiation 

pyrometer, known as P600; (3) At the beginning of the sintering stage, it was from 900 ℃, 

known as P900; (4) At the sintering temperature, it was from the beginning of dwell period, 

known as PS.  

At 1100 ℃, the densities of all the samples were below 90%, it means the second stage of 

sintering is not finished yet, and the microstructures are all like the network of solid particles 

and channel-like pores without much grain growth which is shown in Table 5-1 and also Fig. 

5-12. The grain sizes of all the samples are around 130 nm which is only a few tens of nanometer 

larger than the raw powder. As shown in Figure 5-14, the hardness of all samples sintered at 

1100 ℃ decreases with the order PB, P600, P900, and PS. The hardness is affected mostly by 

the density before reaching high density, while as seen in Fig. 5-12, the density decreases with 

the order P600, PB, P900, and PS. The sample PB-1100 has a lower density of 81.0% but the 

higher hardness of 1173.8 ± 32.6 HV5, conversely, the sample P600-1100 has a higher density 

of 84.57 % but the lower hardness of 943.2 ± 35.0 HV5. The PS samples have a short time of 
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mechanical pressure during the heating-up period, the mechanical pressure only was only 

applied during the dwell period and only lasted 1 minute. The lack of efficient pressure effect 

time in the sintering process might be the reason why the PS samples always have lower density 

compared with the other SPS samples. For the PB, P600 and P900 samples, the situations were 

much more complex.  At the initial heating up period of SPS process (From room temperature 

to 900 ℃), there was no shrinkage occurring as we mentioned above, which means only surface 

diffusion, lattice diffusion (from the surface) and vapor transportation might play a role due to 

that these 3 sintering mechanisms produce microstructure change without causing shrinkage 

[58]. For the PB samples, the full load of mechanical pressure was applied from the beginning. 

As the heating proceeding, the residual water and low boiling point impurities may evaporate 

into vapor which could be transported from the space between particles to the outside due to 

the vacuum pump. However, the mechanical pressure not only extrudes the vapor out of the 

spaces but also makes the vapor transportation path become narrow or even closed, which leads 

to forming numbers of isolated pores between particles, as seen in Fig. 5-17. In the study of 

Salamon et al. [59], when using pressureless SPS for sintering Si3N4, a small amount of SiC 

grains distributed over the sample and on the graphite wall. This was formed beside the aimed 

α-sialon phase in sintered AY-sialon compositions. However, when using standard SPS, free 

silicon possibly forming by the decomposition of Si3N4 was not detected. It proved that 

mechanical pressure created an isolated environment to prevent the free elements or vapor 

coming out of the system.  In the standard SPS process, the pressure is applied from an initial 

pressure (low pressure) to a final pressure (high pressure), the initial pressure can also make the 

vapor path become narrow but partly closed. While when the pressure is increased to high 

pressure, most of the vapor is isolated in the structure. This effect suppresses the densification 

rate. On the other hand, the fact that applying mechanical pressure from the beginning helps to 

form a more homogenous compact due to the longer stress dwell time on each particle contact 

point. This can lead to a homogenous microstructure and higher hardness. The competing effect 

of these two factors caused the experiment results that the sample PB-1100 had a lower density 

but higher hardness than those of sample P600-1100. 
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Figure 5-17. The schematic of blocking vapor transportation channel and making isolated pores 

under pressure 

At 1150 ℃, the highest density and highest hardness were both obtained by the sample P900-

1150 with a value of 96.4% and 1955 ± 49 HV5, respectively. This experiment result is 

surprising for that the density of P900 sample increases the most from 1100 ℃ to 1150 ℃, 

which is about 0.396 %/℃, this is almost 2 times higher than that of PB and P600 samples, 

which are 0.224 %/℃ and 0.204 %/℃, respectively. The true shrinkage rate of PB, P600, P900 

and PS samples is displayed in Fig. 5-18. The displacement recorded by the PC ‘Dtotal’ is the 

total displacement of the sample and the graphite conductor. So the true shrinkage displacement 

of the sample ‘Ds’ can be expressed as follows: 

Ds = Dtotal - Dgraphite                                                    (5-8) 

‘Dgraphite’ is the displacement of the graphite conductor, which is measured by the standard SPS 

set up with a fully dense sample. As shown in Fig. 5-18, the shrinkage rates of all the samples 

start to increase at 900 ℃, among which the shrinkage rate of P900 sample increases faster than 

the others and the peak shrinkage rate is achieved at about 1030 ℃, while PB and P600 sample 

obtain peak shrinkage rate at about 1100 ℃, the PS sample gets that at about 1160 ℃. For PB 

and P600 samples, they had the same condition during the second stage of sintering, hence the 

densification rate was on the same level. While for the P900 samples, the mechanical pressure 

was applied from 900 ℃ and the pressure started to be stable at around 1050 ℃ (the pressure 

applying time is 1 min). From 900 ℃ to 1100 ℃, the ‘P’ in the P900 sample in Formula (5-6) 
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was increasing from 13.3 MPa to 50 MPa, which was lower than constant 50 MPa of PB and 

P600 sample. While from 1100 ℃ to 1150 ℃, the pressures of PB, P600 and P900 sample were 

the same, the formula could be written as: 

dρ / dt = B ( g γ / x + P ) ( 1 – ρ )                                                (5-9) 

the densification rate depends on the density of the moment according to the formula, the larger 

density, the lower densification rate. Therefore, the densification rate of the P900 sample is the 

highest from the formula. Beside the theoretical point, at 900 ℃ the densifying sintering 

mechanisms (grain boundary diffusion and lattice diffusion (from the grain boundary)) start to 

work, the particles become ‘soft’ due to the plastic flow effect. As we discussed, the alumina 

may plastically deform above 950 ℃ under the mechanical pressure of 50 MPa [60]. If we start 

to increase the mechanical pressure at this moment, the dynamic pressure would promote the 

densifying sintering mechanisms more efficiently than the case that the pressure is increased 

when the particles are ‘hard’, that’s to say before shrinkage starts. 

 

Figure 5-18. True shrinkage rate of PB, P600, P900 and PS sample sintered at 1300 ℃ 

According to Salvatore Grasso’s research [52], the pressure also affects the temperature 

difference between the outer wall and the inner wall of graphite die. In this study, the initial and 

final pressures were 1.5 kN and 5.6 kN, respectively. It means the temperature difference 

decreases around 100 ℃ from 1.5 kN to 5.6 kN. According to our experience with pulse pattern 
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effect (section 5.2), the temperature difference is quite magnificent under various mechanical 

pressures due to the changing of contact resistance. So at temperature 900 ℃, the temperature 

of the P900 sample was around 100 ℃ higher than that of PB and P600 sample, this might 

influence the term ‘B’ in Formula (5-9). However, this temperature difference has litter 

influence on densification compared with the pressure effect, which can be concluded from the 

densification curve of the PS sample. The PS sample had the same condition as the P900 sample 

at 900 ℃, while the former had a much lower density than the latter. Thus, the temperature 

difference induced by pressure is negligible compared with the pressure effect. 

At 1200 ℃, the densities of PB, P600 and P900 samples were almost fully dense, while the 

density of sample PS-1200 was only 86 %. The PB and P600 samples got the highest hardness 

because of the highest density, while the hardness of the P900-1200 sample was the same as 

the P900-1150 sample for that the density increased only about 1.4 %, and the grains grew only 

30 nm. In terms of the grain size, all the samples increased a little bit, not degrading the 

mechanical properties much. Hence the hardnesses of all the samples are all on the same level 

as shown in Fig. 5-14. For PB and P600 samples, 1200 ℃ is the optical sintering temperature 

to densify nano-alumina powder.  

At 1300 ℃, the PS sample was finally fully dense. The grains of all samples grew further to 

over 1.0 µm, among which the P600 and PS samples had the largest grain size of around 2.0 

µm. The pores become more obvious in Fig. 5-16, especially in PB and P600 samples, which 

are marked with red circles. When the pressure is applied in the beginning, the pressure not 

only extrudes the vapor out of the spaces but also makes the vapor transportation path become 

narrow or even closed, which leads to forming numbers of isolated pores between particles. 

While for P900 and PS samples, most of the vapor has been already driven out when applying 

the pressure at 900 ℃ or sintering temperature, so there are fewer pores in the microstructure. 

These pores have a negative effect on the densification and mechanical properties. Therefore, 

at 1150 ℃ only sample P900 achieved a density of more than 95% and displayed better 

mechanical properties. 

For the Spark Plasma Sintering of pure nano-alumina powder, the pressure applying timing has 

a significant effect on the densifying mechanisms: plastic flow, grain boundary diffusion and 

lattice diffusion (from the grain boundary). In addition, it also influences the non-densifying 
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mechanisms, especially the vapor transport. Therefore, if we want to get the optical mechanical 

performance, playing with pressure timing is an effective way.  

5.4 The impact of Joule heating on Spark Plasma Sintering of Boron Carbide 

composites 

5.4.1 The effect of titanium alloy doping on the Spark Plasma Sintering of boron carbide 

5.4.1.1 Experimental results 

 

 

Figure 5-19. Density histogram of boron carbide with different titanium contents sintered at 1800 ℃ 

The theoretical density of pure boron carbide and titanium is 2.52 g/cm3 and 4.5 g/cm3, 

respectively. After sintered by SPS at 1800 ℃, the pure Boron Carbide reaches 2.48 g/cm3, 

which is 98.4 % as seen in Fig. 5-19. With the increasing titanium content, the density increases. 

The composite, B4C+5Ti, reaches a high density of 2.66 g/cm3. The theoretical density of all 

the composites was calculated by both constant volume method and XRD method, however, 

the results were not correct at all due to the reaction that happened during the sintering process. 
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Figure 5-20. The X-ray diffraction pattern of boron carbide composites sintered at 1800 ℃ 

It shows from Fig. 5-20 that the main phase of these XRD patterns is boron carbide, and the 

second phase is titanium diboride. With the increasing titanium content, the intensity of the 

peaks of titanium diboride increases. No peak shift is observed from the XRD patterns with 

different titanium content. 
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Figure 5-21. The hardness and Fracture toughness KIC of boron carbide and it is composite sintered 

at 1800 ℃ 

The hardness and KIC of pure boron carbide are 3136.3 ± 172.2 HV1 and 2.57 ± 0.12 MPa∙m0.5 

from Fig 5-21. With the increasing titanium content, the hardness increases and then decreases, 

while the KIC decreases and then increases. The highest hardness is achieved by the sample 

B4C+1.0Ti with a value of 3628.5 ± 452.6 HV1, the highest KIC is achieved by the sample pure 

B4C.  

The microstructure of the fracture surface is shown in Fig. 5-22, the volume of large white 

secondary phase increases with the increasing titanium content. Besides the large white phase, 

the small white particles are also distributed homogeneously in the boron carbide matrix. From 

Fig. 5-22(d), the large white phase is about 30 µm, it shows the structure of liquid sintering in 

the center of the big particle and there is a clear interface between the two phases. 
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Figure 5-22. The microstructure of fracture surface (a) B4C+0.5Ti, (b) B4C+1.0Ti, (c) B4C+5.0Ti, (d) 

Magnified microstructure of white phase in (c) 

 
Figure 5-23. Magnified microstructure of fracture surface (a) pure B4C, (b) B4C+0.5Ti, (c) 

B4C+1.0Ti, (d) B4C+5.0Ti 
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It is shown in Fig. 5-23(a) that the microstructure of pure B4C displays a large number of 

micropores between the grains, while for the composites, only a few micropores can be seen in 

Fig. 5-23(b), (c) and (d). In addition, the small white particles are all distributed on the grain  

5.4.1.2 Discussion  

Due to that, the melting point of titanium alloy is about 1600-1660 ℃, and no melting 

phenomenon (either abnormal displacement or liquid phase leakage out of sintering die)was 

observed during the sintering to 1800 ℃, there are two possibilities. One possibility is that the 

reaction happened during the sintering process, the reaction could be: 

B4C (solid) + Ti (solid) = TiB2 (solid) + C (graphite)                               (5-10) 

B4C (solid) + Ti (solid) = TiC (solid) + B (solid)                                      (5-11) 

On the basis of the thermodynamic data for elements, it appears that the absolute value of the 

standard free energy change, in the range from 0 to 2000 ℃ for reaction (5-10), is much higher 

than for Reaction (5-11) as shown in Fig. 5-24. Thus, TiB2 and graphite will form as a result of 

the interaction of B4C with Ti metal. These results are in agreement with the Ti-B-C ternary 

diagram and XRD result (Fig. 5-20). However, the carbon phase was not detected by XRD as 

the by-product of the TiB2 formation. It might be due to that the free carbon reacted with either 

residual oxygen or boron to form carbon oxide or boron carbide. 

 

Figure 5-24. Gibbs free energy change in the temperature range 0 to 2000 ℃ for Reaction (5-10) 

and (5-11) 
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The other possibility is that the melted liquid phase is too small to be driven out of the sintering 

die, instead, it is extruded to the gap between the grains and reacts with the boron carbide, 

forming the small white particles. For the big titanium clusters, the out layer which contacts the 

boron carbide shows a microstructure of big grains, while in the center of the titanium cluster, 

it displays a microstructure of liquid phase sintering due to that the core of the cluster has no 

chance to contact the boron carbide, leading to a melted titanium microstructure as shown in 

Fig. 5-23(d). 

These two possibilities all exist in the sintering process of boron carbide composite, however, 

the reaction has the dominant effect according to the XRD pattern which only shows the TiB2 

phase without any Ti phase, as seen in Fig. 5-20. However, XRD has limited sensitivity to 

crystalline phase. 

From the microstructures in Fig. 5-22 and 5-23, the addition of titanium alloy helps to densify 

the materials because of the liquid – reaction sintering mentioned above. Besides that, there is 

a very limited amount of aluminum and vanadium which could catch the oxygen from the 

residual air or the powder to form the oxides, this also has a positive effect on the densification. 

What’s more, the B4C and its composites can be nearly fully densified at only 1800 ℃. This is 

not only because of the novel and advanced SPS process but also because of the temperature 

measurement. As we mentioned in the theoretical part, the pure B4C is not able to be fully 

densified even over 2200 ℃ by conventional sintering. While in SPS, it is direct Joule heating, 

the current will pass through the sample directly due to the good conductivity of B4C. When 

we measure the temperature of the graphite die, the measured temperature is actually lower than 

the real temperature inside the sample. It is also proved by the fact that when sintering pure B4C 

at 1900 ℃, the sample was a bit melted and stuck to the graphite piston. Therefore, due to the 

Joule heating effect, the B4C is expected to be fully densified at a low temperature. 

The addition of titanium alloy has an effect on the mechanical properties shown in Fig. 5-21. 

With the increasing titanium content, the hardness increases and then decreases, while the KIC 

decreases and then increases. The highest hardness is achieved by the sample B4C+1.0Ti with 

a value of 3628.5 ± 452.6 HV1, the highest KIC is achieved by the sample pure B4C. The 

hardness of TiB2 according to the reference is 2551-3571 HV1 [61], which is almost the same 

as the pure boron carbide obtained by our SPS sintering, 3136.3 ± 172.2 HV1. On one hand, 

the addition of titanium alloy helps to densify the samples, leading to a high density, which 
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increases the hardness. Further, the homogeneously distributed small particles also have a 

positive effect on hardness. On the other hand, the grain size becomes bigger and 

inhomogeneous due to the doping of titanium alloy, which is against the hardness increasing. 

The residual titanium, formed aluminum oxide, and vanadium oxide also degrade the hardness 

because the hardness of those phases is much lower than boron carbide. As a result of these 

conflicting effects, sample B4C+1.0Ti reaches a balance to get the highest hardness.  

Fracture toughness is a property which describes the ability of a material to resist fracture and 

is one of the most important properties of any material for many design applications. In our 

case, the fracture toughness decreases and then increases with the increasing titanium content. 

However, the value for B4C is already low even for ceramic materials. Similar to the effect for 

hardness, the addition of titanium leads to the high density to increase the hardness but 

decreases the fracture toughness due to that the pores which can stop the propagation of the 

cracks have been removed. Moreover, the inhomogeneous and big grain size distribution in the 

boron carbide composite also has a negative effect on the fracture toughness. Contrary, small 

secondary particles distributed on the grain boundary have the ability to hinder the propagation 

of the cracks and absorb the energy, resulting in the fracture toughness increasing.  

5.4.2 The effect of silicon doping on the Spark Plasma Sintering of boron carbide 

5.4.2.1 Experimental results 

The theoretical density of pure boron carbide and silicon is 2.52 g/cm3 and 2.30 g/cm3, 

respectively. After sintered by SPS at 1800 ℃, the pure Boron Carbide reaches 2.48 g/cm3, 

which is 98.4 % as seen in Fig. 5-25. With the increasing silicon content, the density increases. 

The composite, B4C+5Si, reaches a high density of 2.54 g/cm3. For the same reason, the 

theoretical densities of the composites are not displayed. 
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Figure 5-25. Density histogram of boron carbide with different silicon contents sintered at 1800 ℃ 

 

Figure 5-26. The X-ray diffraction pattern of boron carbide composites sintered at 1800 ℃ 

It shows from Fig. 5-26 that the main phase of these XRD patterns is boron carbide, and the 

second phase is silicon carbide. With the increasing silicon content, the intensity of the peaks 



56 

 

of silicon carbide increases. No peak shift is observed from the XRD patterns with the different 

silicon content. 

 

Figure 5-27. The hardness and Fracture toughness KIC of boron carbide and its composite sintered 

at 1800 ℃ 

The hardness and KIC of pure boron carbide are 3136.3 ± 172.2 HV1 and 2.57 ± 0.12 MPa∙m0.5 

from Fig 5-27. With the increasing silicon content, the hardness increases and then decreases 

so does the KIC. The highest hardness is achieved by the sample B4C+0.5Si with a value of 

3524.6 ± 207.8 HV1, the highest KIC is achieved by the sample B4C+1.0Si with a value of 2.97 

± 0.03 MPa∙m0.5. 
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Figure 5-28. The microstructure of fracture surface (a) B4C+0.5Si, (b) B4C+1.0Si, (c) B4C+5.0Si, (d) 

Magnified microstructure of white phase in (c) 

The microstructure of the fracture surface is shown in Fig. 5-28, the volume of the white 

secondary phase, both the small particles and the big clusters, increases with the increasing 

Silicon content. In addition, the secondary phase is distributed homogeneously in the boron 

carbide matrix. From Fig. 5-28(d), the large white cluster is about 20 µm, it shows the structure 

of liquid sintering in the center of the phase and there is no obvious interface between the two 

phases. 
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Figure 5-29. Magnified microstructure of fracture surface, Secondary electrons (a) pure B4C, (b) 

B4C+0.5Ti, (c) B4C+1.0Ti, and (d) B4C+5.0Ti, backscattered electrons (e) B4C+0.5Ti, (f) B4C+1.0Ti, 

and (g) B4C+5.0Ti 
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It is shown in Fig. 5-29 (a) that the microstructure of pure B4C displays a large number of 

micropores between the grains, while for the composites, only a few micropores can be seen. 

The small white particles are all distributed on the grain boundaries or inside the pores 

homogeneously, and it shows a shape of casted grains. 

5.4.2.2 Discussion 

As shown in Fig. 5-25, with the increasing silicon content, the density increases. The composite, 

B4C+5Si, reaches a high density of 2.54 g/cm3. However, the theoretical density of pure boron 

carbide and silicon is 2.52 g/cm3 and 2.30 g/cm3, it should be contrary to the experimental 

result. By the XRD technique, the main phases in the sintered samples are boron carbide and 

silicon carbide shown in Fig. 5-26. Thus, the density increases with increasing silicon content 

due to that the theoretical density of silicon carbide is 3.16 g/cm3 which is higher than that of 

boron carbide. The hardness of fully dense silicon carbide is about 2245-3265 HV1 [62-65] 

which is comparable high with boron carbide. During the Spark Plasma Sintering, there are two 

possible reactions to form silicon carbide, which are: 

Si(l) + B4C(s) = SiC(s) + 4B(s)                                      (5-12) 

Si(l) + C(s) = SiC(s)                                                       (5-13) 

It should be noted that the silicon is liquid phase in the reaction. According to the Gibbs free 

energy change shown in Fig. 5-30, the reaction 5-13 is more thermodynamically possible. Free 

boron which is the product of reaction 5-12, was not detected by XRD. We may speculate that 

the liquid phase silicon reacted with the free carbon during the SPS process and formed silicon 

carbide as a result. The free carbon could be from the Impurities of the boron carbide powder 

or the graphite atmosphere in SPS. 
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Figure 5-30. Gibbs free energy change in the temperature range 0 to 2000 ℃ for Reaction (5-12) 

and (5-13) 

In terms of the mechanical properties, the hardness and fracture toughness of doped samples 

both are higher than the pure boron carbide from Fig. 5-36. The highest hardness is achieved 

by the sample B4C+0.5Si with a value of 3524.6 ± 207.8 HV1, and the highest KIC is achieved 

by the sample B4C+1.0Si with a value of 2.97 ± 0.03 MPa∙m0.5. The reasons accounting for the 

higher properties are quite similar to the titanium doped experiments, the higher density caused 

by the liquid – reaction sintering is the main reason to increase the hardness and decrease the 

fracture toughness. However, the grain size for silicon doped samples is not bigger but even 

smaller than that of the pure boron carbide from Fig. 5-29, leading to higher hardness and 

fracture toughness. Furthermore, the grain size distribution of silicon doped samples is also no 

longer inhomogeneous but uniform, which results in better mechanical performance as well. 

The last factor is the secondary phase, unlike the titanium doped samples, the secondary phase 

of silicon doped samples is much better connected with the boron carbide matrix, seen in Fig. 

5-28(d), there is almost no clear interface between the secondary particle and the matrix. The 

secondary clusters are also much smaller than those of the titanium doped samples, which does 

not degrade the fracture toughness that much. 
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6. Conclusions  

 ‘Field effect’ investigation in Spark Plasma Sintering: we found a very interesting 

phenomenon that the temperatures were different when sintering metal-doped alumina 

powders compared with pure alumina powder. The different thermal capacity is one 

reason but not a dominant reason. The catalysis effect of ball milling caused by phase 

transformation may be the other season. The so-called ‘field effect’ is not accounting 

for the temperature difference due to that there is almost no magnetic field in the sample 

area according to the simulation. Further, no microstructure change has been found 

under the ‘field effect’ as well.  

 The impact of pulse pattern on Spark Plasma Sintering: we tested quite many different 

pulse patterns to get the recorded current and obtained temperature after 10 min heating 

with constant input. We discussed the impact of pulse pattern on energy efficiency 

during Spark Plasma Sintering. With the increasing ON/OFF ratio, the recorded current 

increases while the heating efficiency decreases. The varying of the recorded current is 

due to the measuring method of pulsed DC, two equations were found to express the 

peak current, peak voltage, and effective powder. The reasons for the higher heating 

efficiency with decreasing ON/OFF ratio are the increasing effective power entering the 

system and contact resistance contribution due to the mechanical pulsing, which is 

induced by the pulsed direct current which generates the magnetic force when 

transferring the current, and it increases with decreasing ON/OFF ratio and increasing 

output. We also discussed the needle shaking phenomenon, it is supposed to be related 

to the measurement of the pulsed DC, and the shaking amplitude increases with 

increasing ON time and OFF time. At last, the application of the ON/OFF setting during 

the SPS process can significantly increase the energy efficiency of the sintering 

procedure and leads to economic and environmental savings, as it was demonstrated 

during the sintering of titania powder. In order to prove the accuracy and repeatability 

of our result, we conducted the same experiment at Stockholm University with the same 

results 

 The impact of applied pressure timing on Spark Plasma Sintering: for the Spark Plasma 

Sintering of pure nano-alumina powder, the pressure applying timing has a significant 

effect on the densifying mechanisms: plastic flow, grain boundary diffusion and lattice 

diffusion (from the grain boundary). In addition, it also influences the non-densifying 
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mechanisms, especially the vapor transport. Therefore, if we want to get the optical 

mechanical performance, playing with pressure timing is an effective way. By the 

pressure-assisted SPS after increasing mechanical pressure from initial 13 MPa to 50 

MPa at any time, all the samples achieved fully dense at 1200 ℃, while the sample only 

got 75 % density by pressureless SPS at the same temperature. Applying the pressure at 

900 ℃ (beginning of the 2nd sintering stage) for pure nano-alumina powder can be fully 

densified at an extremely low temperature of 1150 ℃ (50 ℃ lower) with a fine grain 

size of around 177 nm (80 nm less). The highest hardness is obtained by sample P900-

1200, 1964.0 HV5. It is possible to get better mechanical performance by using tailored 

pressure applying timing when sintering ceramic powders by SPS. Tailoring vapor 

transport by the timing of the intensity of mechanical pressure was demonstrated on a 

simple alumina system, however, this tool can be used also in multicomponent systems 

with even possible higher impact on the final microstructure. In our case, applying the 

pressure at 900 ℃ for pure nano-alumina powder can be fully densified at an extremely 

low temperature of 1150 ℃ with a fine grain growth of around 177 nm.  

 Electric current pass directly through sintered boron carbide and its composites produce 

internal Joule heating and measured temperature outside is lower. The addition of 

titanium alloy significantly increased the densification, which is the main reason to 

affect the mechanical properties. The sample B4C+1.0Ti achieved the highest hardness 

3628.5 ± 452.6 HV1 (16.2 % higher than pure boron carbide) with a fracture toughness 

2.11 ± 0.25 MPa∙m0.5. For the microstructure, the grain size of the boron carbide 

composites became a bit larger and inhomogeneous compared with the pure boron 

carbide. The addition of silicon significantly increased the densification as well, which 

is also the main reason to affect the mechanical properties, both of the hardness and 

fracture toughness are increased by the doping of silicon. The sample B4C+0.5Si 

achieved the highest hardness 3524.6 ± 207.8 HV1 (13.0 % higher than pure boron 

carbide), the sample B4C+1.0Si achieved the highest fracture toughness 2.97 ± 0.03 

MPa∙m0.5 (15.6% higher than pure boron carbide). For the microstructure, the grain size 

of silicon doped samples did not change much compared with that of pure boron carbide. 

The secondary phase silicon carbide was well connected with the boron carbide matrix 

and showed a great strengthen effect on both the hardness and fracture toughness. 
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